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Novel  thioether  compound  poly(ethene-l,l,2,2-tetrathiol)  was  synthesized,  characterized  and  tested  as 
cathode  active  material.  The  polymer  was  synthesized  by  facile  one-step  procedure  and  its  chemical 
structure  was  confirmed  by  FT-IR,  FT-Raman,  element  analysis,  and  XPS  spectral  analysis.  The  polymer 
had  good  electrochemical  activity  as  cathode  material  for  rechargeable  lithium  battery.  It  showed  stable 
discharge  specific  capacity  about  300  mAh  g-1  and  discharge  voltage  above  2  V.  The  thioether  bond  was 
deduced  as  the  functional  group.  It  was  proposed  that  thioether  bonds  were  oxidized  to  form  thioether 
cations  with  the  help  of  ether  solvent,  which  offered  energy  storage. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Sulfur  is  of  high  specific  capacity,  cheap,  and  environmentally 
benign  as  cathode  material  for  rechargeable  lithium  batteries.  It 
has  attracted  great  interest  and  has  being  extensively  studied. 
The  shortcomings  are  its  electric  insulation,  dissolution  in  sol¬ 
vents,  and  migration  of  S2-  from  cathode.  Since  Liu  and  Visco  et 
al.  [1,2]  found  that  organic  disulfide  compounds  could  be  used  as 
cathode  materials  for  rechargeable  lithium  battery  in  late  1980s, 
many  researches  have  been  focused  on  organic  disulfide  materials. 
These  disulfide  compounds  could  be  divided  into  five  categories 
(Scheme  1):  (1)  Small  organic  compounds  (Scheme  la),  from  which 
small  molecular  anions  (_SRS_)  were  formed  in  the  reductive  state 
[3-7].  Therefore  this  kind  of  organic  disulfide  compounds  has  the 
similar  disadvantage  to  elemental  sulfur.  (2)  Disulfide  ladder  poly¬ 
mers  (Scheme  lb)  have  polymeric  backbone  linking  disulfide  bonds 
and  do  not  dissolve  in  solvents  during  discharge  process.  But  it  is 
difficult  to  recombine  perfectly  during  charging  process,  so  that 
the  cycling  property  is  poor  [8-10].  (3)  Disulfide  polymers  have 
disulfide  bonds  as  side-chains  (Scheme  lc),  in  which  the  two  S 
atoms  of  one  disulfide  bond  (-S-S-)  are  linked  to  the  same  poly¬ 
meric  main  chain.  Hence  the  recombination  of  disulfide  bonds 
could  be  improved  [11-16].  (4)  Polysulfide  compounds  [17-19] 
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(Scheme  Id)  have  high  specific  capacity  in  the  first  cycle  and  seri¬ 
ous  cycling  fading  due  to  its  polysulfide  structure.  (5)  Sulfurized 
polymers  were  synthesized  through  heating  the  mixture  of  organic 
polymer  compounds  and  sulfur.  Their  structure  is  unclear;  the 
electrochemical  behaviors  relied  on  the  heating  conditions.  Some 
of  them  have  high  specific  capacity  and  good  cycling  properties 
[20-23].  The  electrode  reactions  of  all  these  compounds  are  based 
on  the  same  mechanism:  the  cleavage-recombination  of  disulfide 
(S-S)  bonds.  Nevertheless,  recently  we  have  found  that  the  novel 
sulfide  polymers,  thioether  compounds  other  than  conventional 
disulfides,  could  also  storage  energy  as  cathode  active  materials 
[24].  That  is,  polymers  contain  thioether  (C-S-C)  bonds  instead 
of  disulfide  (-C-S-S-C-)  bonds.  The  redox  reactions  of  thioether 
compounds  do  not  involve  bond  cleavage,  thus  it  may  be  expected 
to  offer  good  stability  as  cathode  active  material.  As  a  novel 
structure,  it  shows  some  advantage  and  need  further  study  and 
exploration. 

In  this  paper,  we  present  novel  thioether  compound: 
poly(ethene-l,l,2,2-tetrathiol).  It  had  several  advantages  as 
cathode  active  material.  First,  the  polymer  was  prepared  by  facile 
“one-step  polymerization”  from  convenient  material  (Scheme  2a). 
Second,  its  insolubility  prevented  migration  of  active  material 
from  cathode.  Third,  the  simple  polymeric  structure  consisting 
of  S  and  C  elements  (Scheme  2b)  benefited  the  exploration  of 
the  electrode  reaction  mechanism.  Here  we  report  the  synthesis, 
characterization,  and  electrochemical  behaviors  of  this  novel 
cathode  active  material. 
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Scheme  1.  Organic  disulfide  compounds  for  cathode  active  material  in  rechargeable 
lithium  batteries. 
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2.  Experimental 


Fig.  1.  FT-Raman  spectrum  of  poly(ethene-l,l,2,2-tetrathiol). 


2  A.  Materials 


2.2.  Apparatus  and  procedures 


Na2S-9H20,  dimethylsulfoxide  (DMSO),  perchloroethene  were 
AR  purity  and  all  reagents  were  used  as  received  unless  otherwise 
indicated. 

The  synthetic  route  and  structure  of  the  polymer  are  described 
in  Scheme  2a.  The  preparation  procedure  is  described  as  follows. 
In  a  three-neck  flask  equipped  with  condenser,  thermometer,  fun¬ 
nel  and  temperature  controller,  Na2S-9H20  (15.3  g,  63.7  mmol)  and 
90  ml  DMSO  were  stirred  under  nitrogen  atmosphere  at  room  tem¬ 
perature.  3  ml  perchloroethene  (4.86  g,  29  mmol)  in  10  ml  DMSO 
was  added  dropwise  to  the  solution.  The  solution  was  stirred  for 
8h  at  80  °C.  After  the  reaction  was  over,  the  mixture  was  filtered 
and  black  solid  was  collected.  The  solid  powder  was  washed  with 
distilled  water  (100ml  x  3)  and  50ml  ethanol  in  sequence.  The 
product  was  dried  in  oven  at  50  °C  for  12  h  and  1.33  g  black  solid  was 
obtained  (yield  52%).  IR:  1431, 1400, 1384, 1211, 858,  and  521  cm-1 ; 
Raman:  1442, 1256,  and  493  cm-1. 


FT-IR  spectrum  was  recorded  on  a  NICOLET  AVATAR  360  FT-IR 
spectrometer  with  KBr  pellets.  FT-Raman  spectrum  was  recorded 
on  Confocal  Raman  Microspectroscopy.  Thermal  analysis  was  per¬ 
formed  on  a  Diamond  DSC  TG-DTA  6300  instrument  under  nitrogen 
flow  at  a  heating  rate  of  20°Cmin-1.  XRD  pattern  of  the  powder 
specimen  was  obtained  on  a  D8ADVANCE  X-ray  diffractometer. 

The  cyclic  voltammetry  (CV)  test  was  carried  out  on  CH  Instru¬ 
ment  electrochemical  workstation  (CHI  660B)  using  a  scan  rate  of 
50  pA/  s-1  at  room  temperature.  The  cathode  was  prepared  by  mix¬ 
ing  polymer  powder  with  carbon  black  and  Teflon  in  a  weight  ratio 
of  4:4:2,  the  Li  film  was  used  as  the  reference  electrode  and  counter 
electrode  with  1  M  LiN(CF3S02)2  (LiTFSI)  in  1,2-dimethoxyethane 
(DME)/l,3-dioxolane(DOL)  (1:2,  by  weight)  as  electrolyte. 

For  electrochemical  evaluation,  the  charge-discharge  tests  were 
performed  on  Land  Battery  test  system.  Working  cathodes  were 
prepared  by  mixing  specific  polymer  powder  with  carbon  black 
and  Teflon  in  a  weight  ratio  of  4:4:2.  Lithium  foil  was  used  as 
the  anode  and  the  tests  were  processed  at  a  rate  of  50mAg-1 
in  1M  LiN(CF3S02)2  (LiTFSI)  in  1,2-dimethoxyethane  (DME)/1,3- 
dioxolane(DOL)  (1 :2,  by  weight)  solution.  The  cut-off  voltages  were 
1.5  and  4.4  V. 


Scheme  2.  (a)  The  synthetic  routes  of  poly(ethene-l,l,2,2-tetrathiol).  (b)  The  con¬ 
figuration  of  poly(ethene-l,l,2,2-tetrathiol). 


3.  Results  and  discussion 

3 A.  Material  characterization 

The  polymer  was  insoluble  and  was  characterized  by  FT-IR,  FT- 
Raman  spectra,  XRD,  X-ray  photoelectron  spectroscopy  (XPS),  and 
TGA.  The  FT-IR  spectrum  showed  simple  vibration  mode  due  to 
its  simple  symmetric  molecular  structure.  There  was  no  vibration 
below  1000  cm-1  and  at  2480  cm-1,  indicating  that  the  polymer 
did  not  contain  C-Cl,  S-H  bonds  and  asymmetric  C-S  bonds.  The  FT- 
Raman  spectrum  (Fig.  1 )  showed  strong  band  at  1442  cm-1 ,  which 
was  assigned  to  the  C=C  stretching  vibration.  A  thioether  molecule 
(CF3S)2C=C(SCF3)2,  with  similar  molecular  structure  to  that  of 
the  unit  of  poly(ethene-l,l,2,2-tetrathiol),  exhibited  C=C  vibration 
band  at  1450  cm-1  [25].  The  band  at  493  cm-1  was  assigned  to  the 
-C-S-C-  vibration. 

The  X-ray  photoelectron  spectroscopy  (XPS)  of  poly(ethene- 
1,1,2,2-tetrathiol)  (Fig.  2)  was  examined.  The  bonding  energy  of  S  2p 
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Binding  Energy/eV 


Fig.  2.  X-ray  photoelectron  spectroscopy  (XPS)  spectrum  of  poly(ethene-l,l,2,2-  Fig.  4.  The  capacity-voltage  curves  of  charge-discharge  of  poly( ethene-1, 1,2,2- 
tetrathiol).  tetrathiol). 


was  located  164.3  eV  and  showed  that  sulfur  in  polymers  had  only 
one  valence  state.  Hence  FT-Raman,  XPS  spectra  of  poly(ethane- 
1,1, 2, 2-tetrathiol)  suggested  the  successful  polymerization  and  the 
polymeric  structure  (Scheme  2b). 

Thermal  gravity  analysis  (TGA)  of  poly( ethene-1, 1, 2, 2-tetrathiol) 
showed  the  5%  weight  loss  at  239  °C;  the  thermostability  was  bet¬ 
ter  than  general  sulfide  polymers.  This  stability  was  due  to  the 
thioether  structure  of  poly( ethane-1, 1,2, 2-tetrathiol),  the  S  atoms 
were  in  main  chain  and  there  was  not  disulfide  bond. 

The  X-ray  diffraction  (XRD)  pattern  manifested  poly(ethene- 
1,1, 2, 2-tetrathiol)  was  completely  amorphous.  The  morphology  was 
compatible  to  its  hyperbranch  structure  (Scheme  2b).  The  irregular 
molecule  was  difficult  to  stack  in  regularity. 

3.2.  Electrochemical  properties 

Fig.  3  exhibits  the  cyclic  voltammograms  (CVs)  of  the  first 
cycle  of  poly( ethene-1, 1,2, 2-tetrathiol)  at  a  scan  rate  of  50pVs_1 


Fig.  3.  Cyclic  voltammogram  of  poly(ethene-l,  1,2, 2-tetrathiol)  vs.  Li+/Li.  Li  film  as 
the  reference  and  counter  electrode  with  1  M  LiTFSI/DME/DOL  as  electrolyte;  scan 
rate  SOijlVs-1. 


between  1.5  and  4.4  V  at  room  temperature.  It  can  be  seen  that 
the  polymer  has  two  oxidation  peaks  appeared  at  2.23  and  4.03  V 
vs.  Li/Li+  and  two  reduction  peaks  at  2.0  and  2.38  V  vs.  Li/Li+.  The 
high  oxidative  peak  indicates  that  the  polymer  may  be  charged  at 
high  voltage  as  cathode  material.  But  the  reductive  peaks  are  in  low 
voltage,  which  imply  a  low  discharge  voltage. 

The  charge-discharge  curves  of  poly(ethene-l, 1,2, 2-tetrathiol) 
are  shown  in  Fig.  4.  The  charge  curve  contains  two  plateaus:  the  low 
plateaus  are  at  2.6-2.8  V  and  the  high  plateaus  are  between  3.3  and 
3.8  V.  But  the  discharge  voltage  is  at  2. 7-2.0  V.  The  charge  voltage 
and  discharge  voltage  are  corresponding  to  the  oxidative  poten¬ 
tial  and  reduction  potential  in  CV  (Fig.  3).  However,  the  discharge 
voltage  is  higher  than  disulfide  polymers  and  elemental  sulfur.  The 
charge-discharge  behavior  is  similar  to  our  previously  reported 
thioether-containing  polymers,  poly(2-phenyl-l,3-dithiolane)  and 
poly[l,4-di(l,3-dithiolan-2-yl)benzene]  [24]. 

The  cycling  life  of  poly( ethene-1, 1,2, 2-tetrathiol)  is  shown  in 
Fig.  5.  It  displays  a  stable  discharge  specific  capacity  value  of  ca. 
300  mAh  g-1  from  the  10th  cycle  to  the  40th  cycle  and  shows 
maximal  specific  capacity  of  632  mAh  g-1  at  the  second  cycle. 
The  coulomb  efficiency  of  poly( ethene-1, 1,2, 2-tetrathiol)  (about 
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Fig.  5.  Cycle  life  and  coulomb  efficiency  of  poly(ethene-l,  1,2, 2-tetrathiol)  (current 
density  50mAg-1). 
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Scheme  3.  The  possible  thioether  cation  in  electrolyte. 


Scheme  4.  The  proposed  redox  reaction  of  poly(ethene-l,l,2,2-tetrathiol)  in  cath¬ 
ode. 


90%  from  the  10th  cycle  to  the  40th  cycle)  is  higher  than  that 
of  poly(2-phenyl-l,3-dithiolane)  and  poly[l,4-di(l,3-dithiolan- 
2-yl)benzene]  [24].  The  electrochemical  behaviors  (maximal 
specific  capacity  and  cycling  performance)  of  poly(ethene-l,  1,2,2- 
tetrathiol)  are  better  than  some  of  the  disulfide  polymers 
[11-16]. 

3.3.  Mechanism  of  electrode  reaction 

The  mechanism  of  electrode  reaction  is  unclear  at  moments; 
here  we  can  only  present  our  preliminary  understanding.  First, 
thioether  bonds  are  proposed  as  the  function  groups  to  offer 
reversible  electrode  reaction.  There  are  only  two  kinds  of  bonds  in 
the  polymer:  C=C  and  C-S-C  bonds.  It  is  impossible  that  vinyl  bonds 
(C=C)  afford  so  high  specific  capacity.  The  well  known  conduct¬ 
ing  polymer  polyacetylene  consisting  of  conjugated  vinyl  groups 
affords  specific  capacity  of  144  mAh  g-1  without  counterions  [26]. 
If  the  weight  of  S  atom  is  calculated,  the  value  will  be  of  60  mAh  g-1 ; 
hence  we  must  consider  the  function  of  thioether. 

Second,  the  oxidation  of  thioether  has  been  studied  exten¬ 
sively  and  reviewed,  which  illustrated  that  thioether  bond  can 
be  easily  oxidized  to  form  thioether  cation  [27-30].  Furthermore, 
thioether  radical  cations  can  be  stabilized  by  electron  donation 
from  the  solvents  [31].  In  LiTFSI/DME/DOL  electrolyte/solvents, 
DOL  may  act  as  electron  donor  to  stabilize  thioether  cations 
(Scheme  3).  Therefore  it  is  reasonable  to  propose  that  thioether 
is  the  electrochemical  active  group  and  the  tentatively  proposed 
electrode  reaction  is  depicted  in  Scheme  4.  According  to  this  mech¬ 
anism,  the  oxidation  of  one  polymeric  unit  is  consisted  of  two 
steps,  which  is  in  good  agreement  with  the  CV  test.  Moreover, 
the  discharge  process  is  the  reduction  of  S  cation,  which  offers 
low  discharge  voltage  at  ca.  2  V,  like  sulfur-containing  materi¬ 
als,  such  as  disulfide  and  elemental  sulfur.  The  theoretic  specific 
capacity  is  595  mAh  g-1,  which  agrees  roughly  to  the  test  values. 
The  maximal  specific  capacity  (632  mAh  g-1)  exceeds  its  theoret¬ 
ical  value,  which  may  be  attributed  to  the  contribution  of  vinyl 
groups. 


4.  Conclusions 


In  conclusion,  poly(ethene-l,l,2,2-tetrathiol)  is  a  facile-synthe- 
sized,  thermally  stable,  novel  cathode  active  polymer.  The  electro¬ 
chemical  tests  show  that  poly(ethene-l,l,2,2-tetrathiol)  is  cathode 
active;  its  specific  capacity  and  discharge  voltage  is  higher  than  that 
of  general  disulfide  polymer  cathode  materials.  It  is  proposed  that 
thioether  bonds  are  the  function  groups  and  thoiether  cations  are 
their  oxidized  state. 


Appendix  A.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found, 
in  the  online  version,  at  doi:10.1016/j.jpowsour.2008.10.023. 
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